ABSTRACT -The segregation of hydrogen at grain boundaries in Ni has been shown to be dependent on the nature of the boundary using SIMS techniques. This contrasts to hydrogen segregation at free surfaces which appears to be less sensitive to the crystallography of the surface. The increased H concentration due to segregation occurs over appreciable distances from the surface or grain boundaries. The diffusivity of H along grain boundaries has been determined using SIMS techniques and correlated with studies of fracture kinetics.
INTRODUCTION
While segregation and diffusion of hydrogen at surfaces and grain boundaries has been of great interest, the difficulty of hydrogen microanalysis has limited the number of studies carried out. Secondary Ion Mass Spectrometry (SIMS) techniques have shown that segregation of deuterium (2~) occurs at free surfaces of fcc Ni (1) and bcc Nb-V alloys ( 2 ) .
Greatly enhanced 2~ concentrations occur at distances behind the free surface of the order of 100 nm. This distribution is sensitive to the presence of monolayers of other segregated species such as S (1) .
In these studies, no great sensitivity of the 2~ segregation on the crystallography of the surface was noted. Segregation of 28 at uncharacterized grain boundaries in Ni was observed (1) but extensive subsequent studies have shown that this segregation is very sensitive to the crystallography of the grain boundaries. Diffusion of hydrogen along grain boundaries has usually been assumed to be faster than in the lattice but no measurements of this parameter have been available. A previous SIMS experiwent showed qualitatively that permeation occurred preferentially along grain boundaries (3) but attempts to quantitatively measure this effect were unsuccessful ( 4 ) .
EXPERIMENTAL PROCEDURES
Two principal techniques were used in the present studies; SIMS (1, 2, 5) and fracture kinetics. SIMS measurements were carried out at 140 K using a 17 keV CS+ ion beam on Ni bicrystal specimens grown from 99.999% pure Ni which were electrolytically charged with 2~. Measurements were carried out on symmetric tilt grain boundaries having a <110> rotation axis. These crystals were prepared by Dr. M.B. Hintz ( 6 ) to whom we wish to express our appreciation. Measurements will be reported for 39' (Z=9) and for 12g0 ( E = l l ) grain boundaries. The 3g0 boundary corresponds to a relatively high energy and the 129' boundary to a low energy boundary (7.8).
Auger electron spectroscopic analysis of the 39' boundary which was fractured after hydrogen charging showed a fractional grain boundary surface coverage of 0.02. The low energy 129' boundary could not be fractured even after hydrogen charging.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1988546 Fracture k i n e t i c s were used t o study t h e d i f f u s i o n of hydrogen along g r a i n boundaries i n p o l y c r y s t a l l i n e n i c k e l specimens (9,lO) .
Cylindrical specimens of high p u r i t y N i (99.999%), Ni-C, o r Ni-S a l l o y s were e l e c t r o l y t i c a l l y charged with IH a t various temperatures followed by t e n s i l e f r a c t u r e a t 77 K. Intergranular f r a c t u r e i n t h e o u t e r annulus delineated t h e extent t o which H had diffused along t h e g r a i n boundaries.
EXPERIMENTAL RESULTS AND DISCUSSION

SIMS MEASUREMENTS
The e l e c t r o l y t i c charging conditions were chosen t o form a deuteride at the s u r f a c e of the n i c k e l b i c r y s t a l s t o provide a reference composition f o r t h e g r a i n boundary diffusion. Charging with 2~ was c a r r i e d out a t 295 K and t h e d i f f u s i o n p r o f i l e s were probed along t h e tilt a x i s d i r e c t i o n , t h e (110).
Typical concentration p r o f i l e s f o r cathodic current d e n s i t i e s of 20 ma cm-2 a r e shown i n Fig. 1 where the deuteride l a y e r thickness varied between 1 and 3.5 micrometers.
This v a r i a t i o n i n t h e thickness of t h e deuteride l a y e r r e f l e c t e d d i f f e r e n c e s i n t h e 2~ f u g a c i t i e s a t d i f f e r e n t p a r t s of t h e surface. The 2~/~i r a t i o is constant a t about 0.7 i n t h e deuteride and t h e r a t i o decreased t o a value of 10-3 t o 7 x 10-3 i n t h e s o l i d s o l u t i o n adjacent t o t h e deuteride a s expected from t h e phase diagram.
Analyses of 28 a t t h e g r a i n boundaries were performed by s t e p scanning across t h e boundaries (with a l a t e r a l r e s o l u t i o n of 2 micrometers) with t h e t y p i c a l r e s u l t s shown i n Figs. 2 and 3 ( f o r d e t a i l s s e e reference 11). The i n i t i a l repeated l i n e scans show a uniform 2~ concentration i n t h e deuteride l a y e r i n t h e two adjacent g r a i n s and the g r a i n boundary.
Below t h e deuteride l a y e r t h e 2~ concentration decreased by about two orders of magnitude which characterized t h e concentration i n t h e s o l i d solution.
(Scans performed through t h e deuteride-solid s o l u t i o n i n t e r f a c e show l a r g e v a r i a t i o n s along t h e scan, eg. scan 7 i n Fig. 3 ).
For t h e 39O g r a i n boundary peaks i n t h e 2~ concentration were observed i n t h e s o l i d s o l u t i o n a t t h e p o s i t i o n s of the g r a i n boundary (Fig. 2) . No enhanced 2~ concentrations were seen f o r t h e 129' g r a i n boundary (Fig. 3) .
The dependence of t h e deuteride thickness on t h e char i n g time a t 295 K gives a value of t h e 2~ d i f f u s i v i t y i n t h e N i deuteride of 3 x 10-f2 cm2 1-1.
This value is about two orders of magnitude lower than t h e d i f f u s i v i t y i n t h e s o l i d s o l u t i o n (4).
The g r e a t e r depth of penetration of t h e 2~ along t h e 3g0 g r a i n boundary is t h e r e s u l t of enhanced d i f f u s i v i t y along t h e g r a i n boundary compared t o t h e l a t t i c e . The l a c k of enhanced penetration of t h e 2~ along t h e 12g0 g r a i n boundary i n d i c a t e s t h a t i n t h i s case the d i f f u s i v i t y is l e s s than o r equal t o t h e l a t t i c e d i f f u s i v i t y . An estimate of the ZH d i f f u s i v i t y along the 39O boundary may be obtained from t h e measured concentration p r o f i l e s using the g r a i n boundary d i f f u s i v i t y a n a l y s i s presented by IeClaire (12). A 
constant source concentration is provided by t h e deuteride l a y e r with t h e o r i g i n of the d i f f u s i v i t y being a t t h e s o l i d solution-deuteride i n t e r f a c e . The data f i t t h e x6I5 dependence on d i s t a n c e very w e l l (11) and y i e l d values f o r s6Dgb of 3 -6 x 1 0 -~~ m3 s-l ( s is t h e segregation f a c t o r , 6 , is t h e g r a i n boundary "width", and Dgb is t h e g r a i n boundary d i f f u s i v i t y ) . Assuming a value f o r 6 of 1 nm and f o r s of 1 leads t o a Dgb of 3-6x10-13 m2 s-1 f o r t h e 39O g r a i n boundary. This value may be compared t o a value f o r 2~ d i f f u s i v i t y i n t h e l a t t i c e of 3.6~10-I4 (4). The d i f f u s i v i t y of 2~ i n N i a t 295 K is enhanced by a f a c t o r of between 8 t o 17 f o r t h e high energy 3g0 g r a i n boundary and no enhancement
i s seen f o r the low energy 12g0 g r a i n boundary.
FRACTURE KINETICS MEASUREMENTS
Hydrogen induced i n t e r g r a n u l a r f r a c t u r e of N i a t 77 K has been showr t o r e s u l t from t h e attainment of a c r i t i c a l hydrogen concentration a t the g r a i n boundaries (13,14) t h e value of which depends on the presence of other impurity species (15,16). While these c r i t i c a l concentrations a r e not known exactly (13), t h e d u c t i l e t o b r i t t l e t r a n s i t i o n a s the g r a i n boundary hydrogen concentration increases can be used t o measure the d i f f u s i v i t y of hydrogen along t h e g r a i n boundaries i n a p o l y c r y s t a l l i n e specimen.
Typical r e s u l t s f o r high p u r i t y N i a r e shown i n Fig. 4 where t h e "Grain Boundary F r a c t u r e Katio", ie. t h e r a t i o of t h e i n t e r g r a n u l a r f r a c t u r e a r e a t o the t o t a l f r a c t u r e a r e a is shown a s a function of cathodic charging time and temperature. The t r a n s i t i o n between the o u t e r annulus of i n t e r g r a n u l a r f r a c t u r e and the i n n e r d u c t i l e f r a c t u r e a r e a was very sharp with t h e t r a n s i t i o n o f t e n occurring within a s i n g l e g r a i n boundary. The broken curves on Fig. 4 show the c a l c u l a t e d behaivor assuming l a t t i c e d i f f u s i o n a s the process which t r a n s p o r t s H from the surface. A s shown, the depth of embrittlement i s much g r e a t e r than can be accounted f o r by l a t t i c e diffusion. A d i f f u s i o n l i m i t e d model can be f i t t e d t o the d a t a assuming g r a i n boundary d i f f u s i o n a s t h e t r a n s p o r t mechanism (10) with the r e s u l t s shown i n Table I . Table I GRAIN It is seen t h a t C has t h e e f f e c t of decreasing t h e r a t e of embrittlemebt while S i n c r e a s e s t h e embrittlement r a t e s . I n t e r p r e t a t i o n of t h e s e experiments i n terms of g r a i n boundary d i f f u s i o n parameters (10) g i v e s the r e s u l t s shown i n Table 11 . The pre-exponential terms f o r t h e g r a i n boundary d i f f u s i v i t i e s of t h e Ni-C and Ni-S a l l o y s cannot be obtained without knowledge of t h e e f f e c t s of segregated C and S on t h e c r i t i c a l H concentration f o r i n t e r g r a n u l a r f r a c t u r e . Fig. 1 Normalized profiles of 2~ Ni crystals cathodically charged at 295K for 3 h at 2 ma The curves are indicative of repeated measurements at different points on the surface. 
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